Methods and Results. In a new ex vivo whole artery angioplasty model, we examined the roles of thrombin inhibition with D-Phe-Pro-ArgCH2C1 (PPACK) and inhibition of the platelet membrane fibrinogen receptor glycoprotein lIb/Illa (GPIIb/IIIa) with monoclonal antibody 7E3 on platelet deposition at the site of balloon injury. Fresh rabbit aortas were mounted in a perfusion chamber. One half of the mounted arterial segment was dilated with a standard angioplasty balloon catheter and the uninjured half served as the control segment. The vessels were perfused with human blood at physiological pressure and shear rates of 180-250 secondf or 30 minutes. Platelet deposition was measured using 1`In-labeled platelets and scanning electron microscopy. With heparin (2 units/ml) antigcoagulation, 8.2+±2.2x106 platelets/cm2 were deposited at the site of balloon injury compared with 0.7±0.2x106 platelets/cm2 on uninjured segments (p<0.02, n=7). PPACK was tested at a concentration (10 ,uM) that totally inhibited platelet aggregation in response to thrombin. 7E3 was tested at a concentration (10 ,ug/ml) that totally inhibited platelet aggregation. Platelet deposition at the site of balloon injury was reduced 47% by PPACK and 70% by 7E3 compared with heparin. Conclusions. At shear rates seen in nonstenotic coronary arteries, PPACK and 7E3 are more effective than heparin in reducing platelet deposition at the site of balloon injury. The significant inhibition of platelet deposition by PPACK demonstrates the importance of heparin-resistant thrombin in platelet thrombus formation. The 7E3 results suggest that approximately 70% of platelet deposition at the site of balloon injury is GPIIb/IIIa dependent and that the remaining 30% results from non-GPIIb/IIIa-mediated platelet-subendothelial adhesion. Finally, the ex vivo whole artery system is a useful model for studying platelet-vessel wall interactions under physiologically defined parameters. (Circulation 1991; 84:1279 -1288 Platelet deposition at the site of arterial injury may play an important role in acute occlusion and restenosis after percutaneous transluminal coronary angioplasty (PTCA). Platelet thrombus formation is observed soon after angioplasty.1 PTCA disrupts the antithrombotic endothelial cell barrier and causes deep arterial wall injury, exposing subendothelium, media, and atheromata to blood elements. This injury provides a strong stimulus for platelet activation and thrombus formation. It has been postulated that platelet deposition at the site of balloon-induced arterial injury is one of the initiating events leading to restenosis. 23 Platelets are known to release potent growth factors (e.g., platelet-derived growth factor) that are capable of stimulating myointimal proliferation. 23 The atherosclerotic lesions induced by balloon injury can be prevented in rabbit and rat models by thrombocytopenia produced by a polyclonal antiplatelet serum.45 These data suggest a potential link between platelet deposition at the site of PTCA injury and subsequent restenosis. Although several models have been described to study plateletvessel wall interactions, none is well suited to examine interactions between balloon angioplastyinduced injury and human platelets.367 To better define the factors leading to platelet thrombus formation after angioplasty, we developed an ex vivo whole artery model to study platelet-vessel wall interactions under physiological conditions at specific shear rates.
Thrombin may be the most potent in vivo platelet activator. Thrombin is generated at the site of balloon injury as a result of disruption of the endothelial cell surface with release of tissue factor and exposure of the subendothelial matrix to circulating blood. D-Phe-Pro-ArgCH2Cl (PPACK) is a synthetic oligopeptide that inhibits thrombin by irreversibly binding to the serine protease active site.8 PPACK inhibits platelet thrombus formation on Dacron arterial grafts and on carotid arteries after endarterectomy in baboons.6 9 Heparin, an acidic sulfated mucopolysaccharide, inhibits thrombin primarily by potentiating the effects of antithrombin III (ATIII) and secondarily by the inactivation of coagulation factors IX, X, XI, and XII.10 Heparin has been shown to be relatively ineffective compared with other thrombin inhibitors in decreasing platelet thrombus formation on Dacron graft material in the baboon and on superficially injured porcine carotid arteries after PTCA. 6, 11 Platelet thrombus formation at the site of balloon injury is the result of platelet-vessel wall and plateletplatelet interactions. The platelet membrane fibrinogen receptor glycoprotein IIb/lIla (GPI1b/IIIa) is the mediator of the initial stage (primary phase) of platelet aggregation. GPIIb/IIIa is the most abundant protein receptor found on platelet membranes (-50,000 complexes per platelet). After activation, GPIIb/IIIa binds to fibrinogen, resulting in the cross linking of platelets.'2-14 The murine monoclonal anti-GPIIb/IIIa antibody 7E3 is one of the most potent antiplatelet agents available. 7E3 completely inhibits platelet aggregation in vitro and has been demonstrated to prevent coronary reocclusion after reperfusion with thrombolytic agents in an animal model.15 '16 In the present study, we compared the effects of heparin, PPACK, and 7E3 on platelet deposition in an ex vivo model. The purpose was to determine the relative role of thrombin and GPIIb/1IIa in mediating platelet thrombus formation at the site of balloon injury.
Methods
Freshly harvested rabbit aortas were mounted in a perfusion chamber. One half of the intact vessel was subjected to balloon angioplasty, and then the entire segment was perfused with human blood at physiological pressure and flow. Quantitative measurements of platelet deposition in the control and injured arterial segments were performed using 'In-labeled platelets. Qualitative assessment of platelet deposition was examined using scanning electron microscopy.
Flow Chamber
The flow chamber used is a modification of the chamber described by Fischell et al17 (Figure 1 ). The flow chamber comprises an outer warming bath and an inner vessel chamber. Vessels were mounted around a connector piece that allowed access to the vessel lumen for introduction of angioplasty catheters as well as for perfusion. The perfusate, physiological saline (see below), or whole blood was delivered at specific flow rates by a peristalic pump (Masterflex Digistaltic Pump, Cole-Palmer, Barrington, Ill). Perfusion pressure was monitored by a fluid-filled transducer placed proximal to the mounted artery. At a chosen flow rate, the infusion pressure was regulated by minor adjustments in the outflow resistance. Nonthrombogenic materials were used for tubing and connectors (i.e., Lucite, silicon, and polyethylene).
Vessel Preparation
All animal studies were performed with the approval of the Stanford University Administrative Panel on Laboratory Animal Care in accordance with federal guidelines. New Zealand White rabbits were killed by cerebral concussion. The thoracic aortas were excised. The segments were then gently rinsed in physiological saline and mounted in the bath as shown (Figure 1) . A careful dissection of adherent connective tissue and fat was performed. Intercostal arteries arising from the aorta were identified and ligated by silk suture or electrocaudery. During the dissection, the vessel was gently perfused (less than 15 mm Hg and less than 15 ml/min) with physiological saline solution composed of (mM)NaCl 118, KCl 4, MgSO4 1.2, CaCl2 2, dextrose 5, NaHCO3 24, and NaH2PO4 1.2 (pH 7.40-7.45). The perfusion chamber was aerated with 95%02-5% CO2 and warmed to 37°C via the outer heating bath.
A conventional balloon angioplasty catheter (5.0-mm diameter and 2-cm length for thoracic aortas) was passed into the proximal portion of the vessel. Three 30-second balloon inflations at 6 atm were performed. The location of the catheter tip was marked, and the arterial segment distal to the tip was designated as the uninjured "negative" control segment. FIGURE 1. Schematic of perfusion chamber. Flow chamber comprises an outer warming bath and an inner vessel chamber. Vessels are mounted around a connector piece that allows access to vessel lumen for introduction of angioplasty catheters as well as for perfusion. Blood is delivered at specific flow rates by a peristaltic pump. Vessel diameter is measured by two-dimensional ultrasound using a 10-mHz transducer positioned above arterial segments.
Ultrasonic Measurements
During perfusion of blood, vessel diameter was measured by two-dimensional ultrasonic imaging as previously described.17 A 10-mHz transducer (Diasonics 200 RF, Milpitas, Calif.) was positioned approximately 1 cm above the artery in contact with the bath solution. The transducer position was adjusted manually to optimize the long-axis image. The vessel diameter was measured using a manually adjusted caliper system contained in the software package within the ultrasound machine. Both injured and control segments were measured twice during perfusion at three points approximately 2 mm apart. The mean of these six measurements was used for calculations of density of platelet deposition and shear rate.
Preparation of Blood
After obtaining informed consent and with the approval of the Stanford University School of Medicine Administrative Panel on Human Subjects in Medical Research, blood was obtained from healthy adult volunteers who did not smoke cigarettes and had not taken aspirin for at least 10 days or any other medication for at least 3 days. Venous blood was drawn via a 19-gauge butterfly needle using a blood pressure cuff at 60 mm Hg. A double-syringe technique was used in which 3 ml of blood was withdrawn into the first syringe, which was discarded, and 27 ml of blood to be used experimentally was withdrawn into the second syringe, which contained 3 ml of physiological saline solution with test reagent.
In Labeling
Platelets were labeled with`'In-oxine following the technique of Thakur et al. 18 Platelets were harvested from 21 ml of human whole blood drawn into 3 ml of 0.9% sodium citrate. Platelet-rich plasma was obtained by spinning the blood at 120g for 10 minutes. The platelet-rich plasma was then spun at 1,lOOg for 10 minutes. The platelet-poor plasma was decanted. The platelet pellet was gently washed and resuspended in 4 ml of calcium-free Tyrode's solution. The calcium-free Tyrode's solution used was the solution described by Thakur et al without heparin and with the addition of apyrase 100 mg/l (Sigma Chemical Co., St. Louis, Mo.).18"19 Then, 100 ,uCil"In-oxine (Amersham Corp., North Chicago, Ill.) was added to the platelet suspension and incubated for 10 minutes at 37°C. Five milliliters of platelet-poor plasma was then added to the platelet suspension. This suspension was centrifuged at 1,lOOg for 10 minutes, and the platelet pellet was resuspended in 1 ml of platelet-poor plasma. Labeling efficiency was determined by dividing the activity in the resuspended pellet by the activity of the "'In-oxine initially added. The preparation was used only if the efficiency was more than 20%. The platelets were then mixed with freshly drawn autologous blood.
Arterial Perfusion
Whole blood with`1In-labeled platelets admixed was perfused through the vessel at physiological pressure (mean pressure, 40-60 mm Hg) for 30 minutes (unless otherwise stated). The flow rate was adjusted to achieve a shear rate of 180-250 second`. This shear rate was chosen because it is within the range seen in nonstenotic epicardial coronary arteries. 20 The artery was then gently washed by perfusion with physiological saline (less than 15 mm Hg and less than 15 ml/min) until the perfusate was grossly clear (approximately 5 minutes). The vessel was then fixed by perfusion with isotonic glutaraldehyde solution at the same low pressure and flow rates for 10 minutes. The arterial segment was removed from the chamber, and sections were cut using a pair of single-edged razor blades mounted in parallel and set 3 mm apart. The segments were then placed into 1 ml of isotonic glutaraldehyde solution and counted in a gamma counter.
Scanning Electron Microscopy
Scanning electron microscopy was performed by standard techniques. Arterial segments were fixed in 3% glutaraldehyde in 0.1 M cacodylate buffer. Specimens than underwent acetone dehydration and critical point drying with CO2. After coating with goldpalladium, the segments underwent scanning. Representative areas were then photographed.21 Sections were also submitted for routine hematoxylin and eosin staining.
Platelet Aggregometry
Platelet aggregation was performed with plateletrich plasma in the standard manner using a Chronolog dual-channel aggregometer (Chrono-Log Corp., Havertown, Pa. PPACK was studied at a concentration of 10`M, which is 100-fold greater than the IC50. This concentration was chosen to ensure total thrombin inhibition. 6 The effect of PPACK (10' M) on platelet aggregation was tested by in vitro aggregometry. Similarly, 7E3 was studied at a concentration of 10 ,ug/ml to ensure maximal inhibition of GPIIb/IIIa. 15 The inhibitory effect of 7E3 was also tested in vitro by platelet aggregation studies performed on plateletrich plasma from blood after perfusion through the ex vivo model. The heparin dose of 2 units/ml whole blood was chosen to achieve maximal activation of plasma ATIII as demonstrated by marked prolongation of the activated partial thromboplastin time of more than 120 seconds.
Computation
All data are given as platelets/per centimeter squared of arterial luminal surface as determined by the following formula:
[ 
Microscopic Assessment of Platelet Thrombus Formation and Vascular Injury
Scanning electron microscopy of the luminal surface of rabbit aortas after perfusion with human blood was carried out to document the extent of vascular injury and platelet thrombus formation (Figure 2 ). The uninjured (control) arterial segments showed intact endothelial cells without platelet deposition (Figure 2A ). In contrast, the ballooninjured segments showed complete endothelial denudation with platelet thrombi deposition (Figure 2B ). Light microscopy was performed to evaluate the extent of the injury induced by balloon inflations. Transverse sections of balloon-injured arterial segments revealed endothelial denudation without tears into the subintima or media ( Figure  3B) ; uninjured segments showed an intact endothelial layer ( Figure 3A ).
Time Course of Platelet Deposition
To determine the time course of platelet deposition after balloon injury, segments were perfused with citrated human blood for varying periods of time. Platelet deposition on the injured arterial segment was time dependent and reached a plateau at 30-45 minutes with 4.18+0.28x 106 platelets/cm2 ( Figure 4 ). This magnitude of platelet deposition is in agreement with other reported studies.23-25 Based on these data, a perfusion time of 30 minutes was chosen for the PPACK and 7E3 studies to ensure that the maximal effect was observed. Platelet aggregation studies were performed to examine the effect of perfusion through the ex vivo system on platelet function. Platelet aggregation in response to varying concentrations of ADP (0. ,uM) was examined with platelet-rich plasma from blood perfused through injured and uninjured arterial segments and compared with control (nonper- by platelet aggregation studies performed on platelet-rich plasma from blood after perfusion through the ex vivo model ( Figure 6 ). When added to citrated platelet-rich plasma (final concentration, 3.3 units/ml), heparin totally inhibited thrombininduced platelet aggregation (data not shown).
Effects of PPACK and 7E3 on Platelet Deposition at Site of Balloon Injury To evaluate the relative roles of thrombin and GPI1b/IIa on platelet thrombus formation, the effects of PPACK and 7E3 were studied in our model. Blood treated with heparin alone (2 units/ml), PPACK (10`5M), or heparin and murine monoclonal anti-GPIIb/IIIa antibody 7E3 (10 ,gg/ml) was perfused through the ex vivo system.
With heparin anticoagulation, 8 .2±2.2x 106 platelets/cm2 were deposited at the site of balloon injury compared with 0.7±0.2x106 platelets/cm2 on uninjured segments (p<0.02, n=7). Platelet deposition at the site of balloon injury was reduced by 47% with PPACK (10 ,uM) (n=4,p<0.04) and 70% with 7E3 (10 ,ug/ml) (n=3, p<0.02) compared with heparin ( Figure 7 ).
Platelet deposition with blood treated with PPACK (10`5 M) alone was compared with blood treated with PPACK (10`5 M) and 7E3 (10 1ug/ml).
Results are normalized to platelet deposition with PPACK-treated blood as 100% deposition (6.2±+0.5x106 platelets/cm2). Treatment with 7E3 in addition to PPACK reduced platelet deposition by 56% (p<0.01), suggesting that 44% of thrombinindependent platelet deposition is GPIIb/IIIa independent ( Figure 8 ).
To evaluate the effect of heparin in the presence of total thrombin inhibition by PPACK on platelet deposition, blood was treated with PPACK (10 ,uM) and heparin (2 units/ml) or PPACK (10 ,uM) alone. There was no difference in platelet deposition between blood treated with PPACK alone compared with blood treated with PPACK and heparin (n=4,p=0.66).
Discussion
The results from these studies demonstrate that at shear rates seen in nonstenotic epicardial coronary arteries, PPACK and 7E3 are more effective than heparin in reducing platelet deposition at the site of balloon injury. Platelet deposition was reduced 47% by PPACK and 70% by 7E3 compared with heparin.
Rabbit thoracic aorta was chosen as the study vessel in our model system because it is well established in the study of human platelet-vessel wall interactions.7,26-28 Weiss et a128 perfused human blood over everted segments of rabbit aorta to characterize the thrombasthenias and von Willebrand's disease. No differences were observed between rabbit and human platelet depositions on rabbit subendothelium in the Baumgartner and Haudenschild model.7 In our system, autologous labeled rabbit platelets were not used because they are not as well characterized as human platelets. Furthermore, the use of rabbit platelets would impose limitations in the evaluation of certain reagents such as monoclonal antibodies, which may specifically recognize human but not rabbit surface proteins.
The ex vivo whole artery model requires the use of an anticoagulant. Heparin was chosen because its actions are well characterized and it is routinely used during angioplasty procedures. The effect of heparin on platelet deposition has been studied using a porcine carotid angioplasty model.29 30 In these studies, platelet deposition at the site of superficial injury was not significantly inhibited by a wide range of heparin doses (0.7-14 units/ml plasma). 29 In another study using the same model, there was no difference in platelet deposition in superficially injured arterial segments between animals treated with heparin (50 units/kg/hr) and those that did not receive heparin (control).30 Given the need for anticoagulation in an ex vivo model, it is not possible to measure platelet deposition in the absence of heparin or other anticoagulants. However, the studies described above, which demonstrate that heparin has little effect on platelet thrombus formation in superficially injured arterial segments, suggest that the platelet deposition measured in our system (with heparin) may reasonably reflect what occurs in nonanticoagulated blood in vivo.
Our results show that thrombin inhibition with PPACK is more effective than heparin-ATIII in reducing platelet deposition at the site of balloon injury (Figure 7) . The increased potency of thrombin inhibition with PPACK compared with heparin is consistent with studies using a baboon arteriovenous fistula model in which platelet deposition on Dacron graft material is measured.6 Although both PPACK and heparin-ATIII work via the same mechanism to inhibit thrombin (i.e., binding to the serine protease active site), there are several important differences PPack (105'M) T (1 unit/ml), and collagen (5 ,ug/ml) were sequentially added to citratedplatelet-rich plasma. PPack inhibited thrombin-induced platelet activation but had no effect on subsequent collagen-induced aggregation. FIGURE 6. Platelet aggregation curves demonstrating effect of 7E3 on collagen (C)-induced aggregation. Heparinized whole blood with or without 7E3 (10 ug/ml) was perfused through ex vivo system. After perfusion, platelet-rich plasma was prepared. 7E3 completely inhibited collagen-induced (5 ,g/ml) aggregation. The further reduction in platelet deposition by 7E3 in the presence of PPACK (Figure 8 ) demonstrates the existence of thrombin-independent pathways of platelet activation. This may be the result of ADP, serotonin, platelet-activating factor, or other agonists that are released or exposed at the site of vascular injury.
Platelet deposition in the presence of 7E3, which accounts for approximately 30% of the total (Figure 7) , presumably is not related to platelet-platelet cohesion and most likely represents non-GPIIb/IJJa-mediated platelet adhesion to the exposed matrix proteins (e.g., collagen, von Willebrand's factor, fibronectin, or laminin). Recently, specific platelet receptors for collagen, fibronectin, and von Willebrand's factor have been identified as GPIa-IIa, GPIc-IIa, and GPIb-IX, respectively.14,39-41 The roles of these adhesion molecules can O UNINlJ 10" be tested in our model system using monoclonal antibodies or synthetic peptides.
These data demonstrate the importance of both thrombin and GPIIb/IIIa in platelet thrombus formation in non-diseased, superficially injured elastic arteries. It is important to recognize that the injury induced by our protocol is limited to endothelial denudation with minimal medial disruption. Deep injury may occur when angioplasty is performed in muscular or diseased arteries. Using an in vivo porcine model, Steele et a125 reported greater platelet deposition when deep injury is induced. The relative importance of thrombin and GPIIbIIIIa may vary with deep injury, shear rates, and atherosclerotic changes within the subendothelial matrix. 42 The effect of thrombin and GPIIb/IIIa inhibition as analyzed in our model may have important implications when designing regimens to reduce early reocclusion and late restenosis after angioplasty. When contemplating the clinical use of GPIIb/IIIa and thrombin antagonists, the potential for major hemorrhagic complications is of concern. In a recent study, unstable angina patients received large enough doses of 7E3 to inhibit platelet aggregation and markedly prolong bleeding time without major bleeding complications. 43 With thrombin inhibition, impairment of platelet function may be less severe, as demonstrated in this study. On the other hand, there is also inhibition of fibrin formation with the use of thrombin inhibitors, which may increase the risk of bleeding. Further study of thrombin and GPIIb/IIIa inhibitors alone or in combination will be required to assess the clinical efficacy and safety of these agents.
